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Garnet growth in medium-pressure granulite facies metapelites from 
the central Damara Orogen: igneous versus metamorphic history

P. Masberg
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35032 Marburg, Germany

The highest grade of Pan-African metamorphism in the coastal part of the central Damara Orogen culminated under lower granulite 
facies conditions.Thermobaro-metric constraints on the PT evolution of this area in migmatitic Grt-Crd-Sil-Spl-Kfs-Qtz-bearing me-
tapelites yield an average temperature of 725°C ± 16 (locally up to 760°C) at pressures of about 5-6 kbar. Microfabric features indicate 
three different generations of garnets in the metapelites. Oriented inclusion trails in garnet group I show that these garnets belong to an 
early syntectonic stage in the metamorphic history. Most of the garnets in the metapelites, however, occur in more or less coarse-grained 
leucocratic segregations. Such garnets are often anhedral and have a poikiloblastic core and an inclusion-free rim. Similar microfabric 
features in the leucocratic zones and their metapelitic host rocks suggest that the overwhelming part of the leucocratic segregations are 
products of deformation, metamorphic segregation and differentiation that outlasted annealing during regional metamorphism. It can 
be concluded that the garnets in these leucocratic segregations have been formed by subsolidus segregation processes prior to the peak 
of metamorphism.  The third group of garnet is found mainly in medium-grained, migmatitic metapelites showing nebulitic structures. 
In such migmatites, anhedral and inclusion-bearing and euhedral inclusion-free garnets occur side by side. In contrast to garnet groups 
I and II, these garnets are of magmatic origin and are considered to be the products of dehydration melting of biotite at or close to peak 
metamorphic conditions. This high-grade metamorphic event yielded only limited amounts of in situ melt.

Introduction

Microscopic features such as exsolution of mes-
operthitic string perthites in alkali feldspars and anti-
perthites in plagioclases, oriented exsolution of rutile 
needles in quartz, activation of basal a and prism c glide 
system in quartz under conditions of plastic deforma-
tion during metamorphism indicate granulite facies 
metamorphism in the highest grade coastal region of 
the Pan-African central Damara Orogen (Masberg et 
al., 1992). Granulite facies conditions in many regions 
are characterised by the appearance of orthopyroxene 
as a major index mineral in rocks of low-Al bulk com-
positions in which the isograd reaction is often ascribed 
to the dehydration of biotite as:

biotite = orthopyroxene + K-feldspar + H2O.	 (1)

In the studied area, however, orthopyroxene is absent 
and the high-grade stable mineral assemblage in me-
tapelites is plagioclase - alkali-feldspar - quartz – bi-
otite - garnet - cordierite ± sillimanite ± spinel and ore, 
inferred to reflect the KFMASH reaction:

biotite + sillimanite = garnet + cordierite + H2O.	 (2)

Previous studies of the temperature and pressure evo-
lution of the central Damara Orogen by application of 
dolomite-calcite solvus thermometry yielded a temper-
atures increase from east to west (near Swakopmund) 
of around 580°C to 645°C at pressures of 2.6 to 3.4 kbar 
(Puhan, 1977, 1983) and 680°C at pressures of 2,5 to 
3,0 kbar by evaluation of petrological data (Hartmann et 
al., 1983). These temperature estimates, indicating am-
phibolite facies conditions, contradict the microscopic 
features noted that are present in rocks in the coastal 
region of the central Damara Orogen and which appear 
to indicate granulite facies conditions. Consequently, a 
re-investigation of the temperature and pressure condi-

tions during regional metamorphism was undertaken.
The studied metapelites often exhibit “core-corona-

like” structures. Ashworth (1985) defined gneisses with 
“core-corona-like” structures in a more or less homo-
geneous host as flecky gneisses. In general, these struc-
tures consist of coarser grained flecks in a fine-grained 
matrix. Often these flecks are cored by one or more ma-
fic minerals which are mantled by leucocratic minerals. 
The mafic minerals can be garnet, biotite, hornblende, 
magnetite etc. and the leucocratic material around them 
mostly quartz, plagioclase and alkali feldspar.

Two models for the formation of such segregations 
have been proposed by Ashworth (1985):

- partial melting or dehydration melting, and 
- metamorphic segregation and differentiation.

Powell and Downes (1990) described large garnet 
porphyroblasts 5cm or more in diameter within leuco-
somes in low- to medium-pressure granulite facies me-
tapelites in the Broken Hill area, Australia. They show 
that the main part of the garnet porphyroblasts occur 
only in the leucosome and elucidate, depending on the 
close similarity and close association to garnet-bearing 
leucosomes, that some garnet porphyroblasts without 
leucosome were originally enclosed within leucosome. 
Powell and Downes (1990) demonstrate, mainly on 
phase diagram considerations and pseudosections, that 
garnet porphyroblasts form as a consequence of incon-
gruent melting reactions in which biotite is consumed. 
Unfortunately, the authors have not described in more 
detail the shape, the textures and the inclusion fabrics of 
the garnet porphyroblasts.

Similar coarse-grained leucocratic segregations are 
common in the studied area especially in fine- to me-
dium-grained metamorphosed semipelites with biotite, 
plagioclase, quartz and only traces of sillimanite and in 
more Al-rich metapelites containing garnet porphyrob-
lasts, cordierite, plagioclase, alkali-feldspar, quartz and 
minor sillimanite. The cores of the flecks exclusively 



consist of one or more garnet crystals. Around these 
cores, plagioclase, quartz and alkali-feldspar form a 
halo free of Mg-Fe silicates. In many high-grade rocks, 
subsolidus deformation and recrystallisation common-
ly obscure anatectic microstructures. The high-grade 
coastal part of the central Damara Orogen is a suitable 
area to study microstructures of leucosomes formed 
by solid-state processes and of leucosomes formed by 
in situ partial melting of Al-rich metapelites because 
regional metamorphism, culminating in an excessive 
static and long-lasting high-temperature annealing, out-
lasted the main deformation phase.

The first aim of this paper is to present an updated 
data set concerning the pressure and temperature his-
tory of the studied area by the use of mineral equilibria.  
The second goal is, mainly based on microfabric fea-
tures, to document the pattern of multiple generations of 
garnet porphyroblast growth within leucosomes during 
regional metamorphism in the central Damara Orogen.

Geological setting and sample selection

The Damara Orogen in Namibia forms part of the 
Pan-African mobile belt in southern Africa and was 
probably formed at the triple junction of the Kalahari 
and the Sao Francisco Craton in Brasil during the late 
Precambrian to early Palaeozoic (Martin and Porada, 
1977a, b). The deeply eroded Damara Orogen can be 
subdivided into a north-south trending coastal branch 
and a northeast-trending intracontinental branch which 
again can be subdivided into three major zones: a 
Northern, a Central and a Southern Zone. This subdi-
vision is based mainly on stratigraphy, metamorphic 
grade and structures (Miller, 1983). The Northern Zone 
of the intracontinental branch was affected only by 
weak metamorphism and folding (Martin and Porada, 
1977a). Separated by the Okahandja Lineament from 
the Central Zone, the Southern Zone is characterised by 
low- to medium-grade metamorphism with pressures of 
>6 kbar and a south to north increase in metamorphic 
grade (Hoffer, 1983). In contrast to the south-north ori-
ented metamorphic zoning, the metamorphic grade in 
the Central Zone increases from east to west. Progres-
sive metamorphism culminated in granulite facies meta-
morphic conditions in an area near the Atlantic coast of 
Namibia (Masberg et al., 1992). After three phases of 
regional deformation, the central Damara Orogen un-
derwent a long-lasting annealing which is documented 
by several microscopic features. These high-tempera-
ture conditions also led to the formation of garnet and 
cordierite-bearing migmatites as a result of incipient 
partial melting in these rocks.

The studied area is located along the west coast of 
Namibia. The samples were taken along a 100 km 
traverse from Henties Bay in the north to Rooibank in 
the south (Fig. 1). The rocks in the studied area belong 
to the Kuiseb Formation and consist of quartz-biotite 
schists, biotite-garnet-cordierite schists, amphibolite 

schists, marbles, calc-silicate rocks and quartzites.

Analytical techniques

Major element compositions of minerals were de-
termined with an automated CAMECA microprobe at 
the University of Bonn, operating at 15kV, 20nA with 
a counting time of 20 s. The ZAF correction procedure 
was applied to the data; errors in the major oxides are 
estimated to be about 1-2%.

Geothermobarometry

Metamorphic temperatures were calculated by apply-
ing the following geothermometers and calibrations: 
garnet-biotite, garnet-cordierite (Thompson, 1976; 
Holdaway and Lee, 1977; Perchuk and Lavrent´eva, 
1981) and cordierite-spinel (Vielzeuf, 1983). Pressure 
estimates are based on the garnet-cordierite (Perchuk 
et al., 1981), garnet-plagioclase (Newton and Haselton, 
1981; Aranovich and Podlesskii, 1980) and garnet-spi-
nel-cordierite (Harris, 1981) barometers. 

A problem in determining peak metamorphic condi-
tions is that re-equilibration is widespread in granulite 
facies rocks and the temperature estimates do not nec-
essarily reflect peak metamorphic conditions because 
in empirically calibrated thermometers an unknown 
amount of re-equilibration have been incorporated into 
the calibrations of such geothermometers (Frost and 
Chacko, 1989). This re-equilibration could occur dur-
ing cooling, uplift or overprinting by subsequent meta-
morphism. Such retrograde processes produce diffusion 
zonation profiles via intracrystalline diffusion. Even 
mineral cores no longer preserve compositions relevant 
to peak metamorphic conditions (Fitzsimons and Har-
ley, 1994). Dependent on the garnet radius, the cool-
ing rate and the ratio of garnet to biotite in the sample, 
these effects of post-peak re-equilibration, especially 
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exchange and net transfer reactions, take place in gar-
net-biotite mineral pairs down to 500-600°C (Spear and 
Florence, 1992). Further uncertainties are introduced 
with the choice of thermobarometers because differ-
ent calibrations of the garnet-biotite geothermometer 
utilise different activity models for garnet and biotite. 
Therefore, several authors (e.g., Berman, 1988; Powell 
and Holland, 1985; Spear, 1993) advocated using an in-
ternally consistent set of thermobarometers resulting in 
more consistent estimates of temperature and pressure. 
A further problem in determining the metamorphic 
peak in the studied rocks is that the F-contents of the 
biotites have not been measured. These are sensitive for 
thermometry and the closure temperature for Fe-Mg ex-
change reactions between garnet and biotite. In view of 

these problems, the temperatures obtained do not nec-
essarily represent peak metamorphic conditions. 

To minimise the above effects, the thermobarometric 
investigations were made in domains with large modal 
biotite contents and large garnet crystals and therefore 
it is very likely that the obtained temperature (garnet 
core-biotite) reflect near peak metamorphic conditions. 
Moreover, it can be assumed that under water-deficient 
conditions the temperatures and pressures also reflect 
near peak metamorphic conditions.

Metapelitic garnets in the studied samples are alman-
dine-pyrope solid solutions with low grossular and sp-
essartine contents (mol% almandine: 63.8 - 74.6 core, 
67.6 - 76.4 rim; pyrope: 18.7 - 26.2 core 14.2 - 21.6 
rim; spessartine: 3.9 - 9.7 core, 5.2 - 13.0 rim; grossu-
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lar: 2.4 - 4.1 core, 2.6 - 4.1 rim). Mineral compositions 
used for temperature and pressure calibrations are listed 
in Table 1. All investigated garnets are unzoned except 
for a small rim up to 30-40 mm wide where Mg de-
creases and Fe and Mn increase due to retrograde meta-
morphism. Using conventional geothermobarometry a 
conservative error of ± 50°C and ±1.0 kbar should be 
considered (Essene, 1982). For garnet-biotite geother-
mometers, Chipera and Perkins (1988) and Kleemann 
and Reinhardt (1994) show that reasonable metamor-
phic temperature estimates are obtained using the cali-
bration of Perchuk and Lavrent´eva (1981). According 
to these authors this specific calibration yields the most 
precise estimates of apparent metamorphic temperatures 
to within ± 30°C. The temperatures range between 704 
and 759°C using garnet core compositions and adjacent 
biotite and between 607 and 692°C for garnet rims and 
adjacent biotite in which the latter are interpreted as 
closure temperatures for Fe-Mg exchange during ret-
rograde metamorphism. Garnet-cordierite temperatures 
for core-core compositions, also using several ther-
mometers, yield similar lower temperatures between 
635°C and 726°C (Table 2). 

Neglecting sample 41, pressures calculated at “peak 
temperatures” range between 5.9 - 6.5 kbar (Newton 
and Haselton, 1981) and 5.6 - 7.1 kbar (Aranovich and 
Podlesskii, 1980). Lower pressure estimates between 
4.6 - 5.0 kbar and 4.8 kbar are obtained from garnet-
cordierite equilibria (Perchuk and Lavrent´eva, 1981) 
and garnet-spinel-cordierite equilibria, respectively 
(Harris, 1981).

Megascopic investigations

Texturally, garnets from flecky gneisses can be subdi-
vided into three groups: syn- and post-tectonic groups 
related to subsolidus segregation and a group that most 
likely reflects dehydration melting of biotite. The first 
two are mostly found in the semipelitic metasedimen-
tary rocks, the latter in more Al-rich metapelites.

Garnet Group I

The syntectonic garnet group I is represented by 
coarse-grained leucocratic segregations of plagioclase 
and quartz found in pressure shadows of garnets and in 
isolated fold hinges and are interpreted to be caused by 
extreme extension and pressure solution in an early stage 
of Pan-African regional metamorphism (Fig. 2). The 
flecks show lenticular or ellipsoidal shapes with their 
long axes parallel to the direction of extensional folia-
tion of the host rock. Garnets in the cores of such flecks 
are poikiloblastic, anhedral and irregularly shaped. 
Small biotite flakes, enclosed in garnet with their long 
axes mostly perpendicular to the cleavage in the host 
rock, indicate an earlier stage of penetrative deforma-
tion. Helicitic textures indicating rotation during garnet 
growth are rare. Quartz grains also occur as inclusions 
(Fig. 3). Both the included phases exhibit finer grain 
sizes than matrix grains, probably due to resorption by 
the enclosing garnet. The included and resorbed miner-
als do not show any polygonal textures. The leucocratic 
haloes of these syntectonic flecks underwent long-last-
ing, high-temperature annealing under static conditions 
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leading to polygonal granoblastic or mosaic textures 
with well defined triple junctions and straight quartz-
quartz and plagioclase-plagioclase grain boundaries.

Garnet Group II

Most flecky gneisses in the studied area reflect a sec-
ond garnet growth event. The garnets of group II grew 
post-tectonically in an already chemically and minera-
logically differentiated rock resulting either from sedi-
mentary layering or metamorphic differentiation. These 
garnet-bearing leucocratic parts occur as small bands 
ranging from 0.5 to 6 cm wide, as individual lenses or 
as more or less rounded flecks (Fig. 4). The leucocratic 
part consists of quartz, plagioclase and/or alkali-feld-
spar and accessory apatite and zircon. The mafic min-
eral is garnet either forming clusters of smaller crystals 
or a single large garnet poryhroblast. In these biotite-
poor layers, quartz and plagioclase recrystallised dur-
ing increasing temperature to much larger grain sizes. 
In the biotite-rich layers, the quartz-quartz and plagi-
oclase-plagioclase interfaces are confined by the basal 
planes of biotites which strongly inhibits grain growth 

of these minerals (Voll, 1960). Therefore the grain size 
of leucosome minerals is usually larger than that of the 
host gneiss. 

The poikiloblastic garnets lie within, or grew from, 
the margin into the leucocratic part of the rock. They 
are of anhedral, rarely of euhedral shape. Sometimes 
garnets show an inclusion-rich core surrounded by 
an inclusion-free rim. Cores contain inclusions of 
biotite and more or less rounded quartz crystals. En-
closed quartz shows a grain size similar to that of the 
halo quartz due to the long-lasting annealing and grain 
growth after deformation. Garnet replaces quartz and 
also plagioclase, the latter almost completely, along the 
already existing and well equilibrated polygonal grain 
boundaries (Fig. 5). Occasionally, relicts of polygonally 
recrystallised quartz aggregates, which include recrys-
tallised plagioclase with 120° equilibrium angles, can 
still be found within the garnets. This strongly indicates 
that garnet growth took place after recrystallisation and 
grain growth of quartz and plagioclase at temperatures 
of at least 500-550°C (e.g. Tullis, 1983), the lower tem-
perature limit for collective crystallisation of plagiocla-
se (Voll pers. comm.; Tullis, 1983 ). These observations 
indicate that group II garnets grew at higher tempera-

135

Garnet growth in medium-pressure granulite facies metapelites, central Damara Orogen



tures than group I garnets.
Hence garnet has overgrown the differentiated fab-

ric of the rock, that is the contact between biotite-rich 
host rock layers and the leucocratic segregation where a 
large change in grain size of the enclosed minerals can 
be seen. In the host rock, the grain size corresponds to 
that of the metapelitic matrix, whereas in the vein it is 
equivalent to the fabrics described above with polygo-
nally recrystallised quartz and plagioclase aggregates 
and grain sizes are more than three times larger than the 
minerals in the granofelsic metapelitic host.

In some cases alkali-feldspar grew in the interstices 
between subhedral to anhedral plagioclase and anhedral 
quartz and forms haloes around garnets 1 to 2 cm in 
diameter. This interstial alkali-feldspar forms optically 
continuous masses (Fig. 6).

Garnet group III

The third group of garnet core-corona structures can 
be observed exclusively in an area just between Walvis 
Bay and Rooibank. In this area, garnet-biotite ther-
mometry yield the highest metamorphic temperatures 
obtained in this study (760°C). The mineral composi-
tion of these Al-rich metapelites is: alkali-feldspar, pla-
gioclase, garnet, sillimanite, cordierite, biotite, ± spi-
nel, tourmaline and ore. Sillimanite is not present in all 
samples. The important mesoscopic textural feature of 
this group, in contrast to the features of the two other 
groups, is the nebulitic structure of parts of the Al-rich 
metapelites. Metapelitic rafts up to 5 cm in length are 
distorted with reference to the former structures. Such 
micro-xenoliths are surrounded now by a biotite-free 
matrix, consisting of garnet-cordierite-alkali-feldspar-
plagioclase-quartz-sillimanite-spinel (Fig. 7) On the 
basis of shape and grain size, the garnets within these 
metapelites can be divided into two subgroups. Garnets 
of the first subgroup (IIIa) are up to 5 cm in diameter, 
poikiloblastic, and display core-inclusion patterns, in-
volving mainly quartz and subordinate plagioclase, that 
are similar to those described for garnet group II. The 
outer rims of these garnets are comprised by a zone full 
of inclusions dominated by biotite, plagioclase, cordier-

ite and alkali-feldspar. Replacement of quartz by garnet 
does not take place along polygonal grain boundaries, 
but in contrast both quartz and biotite exhibit irregular, 
often embayed shapes. The second subgroup of garnets 
(IIIb) are euhedral, inclusion free, and of a smaller grain 
size of up to 3 mm (Fig. 8). The surrounding minerals 
are alkali-feldspar, plagioclase and quartz.

Discussion

The above microfabric features indicate three differ-
ent generations of garnets in the metapelites. Similar 
mesoscopic and microscopic deformation and anneal-
ing features in the leucocratic parts and the host rock 
suggest that the overwhelming part of the flecks in the 
metapelites in the coastal area of central Damara Oro-
gen are products of regional metamorphism and defor-
mation. The flecks formed by subsolidus processes do 
not show evidence of partial melting but all of them 
show granoblastic polygonal textures which can be 
used as evidence for plastic deformation.

Inclusion trails in garnet group I show that these gar-
nets belong to an early syntectonic stage in the meta-
morphic history and were probably already generated 
under greenschist facies conditions. According to Hof-
fer (1977) these early garnets may have been formed by 
the following reaction:

chlorite(1) + anorthite(plag) = garnet + chlorite(2) + 
quartz + H2O.	 (3)

The formation of leucocratic segregations can be ex-
plained by the solution transfer of soluble minerals like 
quartz and plagioclase from sites of high chemical po-
tential to those of low chemical potential for Si, Na and 
Ca (Gray and Durney, 1979).

Garnets of garnet group II belong to a second garnet 
growth event. Similar occurrences have been report-
ed in other high-grade gneiss and migmatite terranes 
(Chenhall et al., 1980; Tracy and Robinson, 1983; 
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Stüwe and Powell, 1989; Jones and Brown, 1990). In 
metapelites from the Central Gneiss Complex in British 
Columbia, which are similar to the studied metapelites, 
such textures have been interpreted as evidence for the 
incongruent melting of biotite (Kenah and Hollister, 
1983). As only traces of interstitial alkali-feldspar were 
found, these authors concluded that the majority of the 
melt generated must have left the rock. A major ques-
tion in the investigation of Powell and Downes (1990) 
as to why garnet porphyroblasts are not completely 
retrogressed during cooling in in situ anatectic melts is 
explained by the suggestion that some disequilibrium 
must have been involved which can be represented by 
some melt loss near the peak of metamorphism. Most 
authors ascribe the generation of such textures to dehy-
dration melting of biotite.

No penetrative post-metamorphic deformation has 
occurred in the central Damara Orogen. There is no 
petrographic evidence that melt has been squeezed out 
so that the melt migrated to adjacent dilatant sites, such 
as boudin necks or small dikes in unmelted protolith 
as desribed by Sawyer (1987). There is also evidence 
of a former melt generation has been erased as a result 
of subsequent high-T deformation. It can be concluded 
that these leucocratic segregations had already formed 
by subsolidus segregation processes prior to the peak 
of metamorphism. Furthermore, the mineral fabrics 
which can be observed in garnet group II are inconsist-
ent with the process of dehydration melting of biotite 
because none of these flecks exhibit fabrics or min-
eral reaction textures that are typical of melting either 
within or marginal to the garnets. Thus, in analogy to 
mineralised quartz veins described by Masberg (1995), 
the replacement of existing quartz and plagioclase by 
optically continuous alkali-feldspar within the haloes 
around garnets is interpreted as a response to changing 
metamorphic conditions and subsolidus breakdown of 
biotite in the metapelites. Therefore, any material trans-
fer between the metapelite and the leucocratic segre-
gations around garnets must have been taken place by 
diffusion along grain boundaries. 

Alternatively to the dehydration of biotite, the garnet 
formed as porphyroblasts in the unmigmatised rock and 
the garnet-forming reaction may have been:

biotite + sillimanite + quartz = garnet + K-feldspar + 
H2O.	 (4)

Based on mass balance calculations, Chen et al. 
(1992) suggested the same reaction for growth of garnet 
group II in flecked gneisses of Liuguzhuang in China. 
In these rocks the metamorphic temperatures were esti-
mated to have been about 640 - 660°C and the pressures 
between 5-7 kbar. At these temperatures the above reac-
tion occurs at reduced water activities (aH2O = 0.3). The 
solidus curve for quartzo-feldspathic gneisses under 
such conditions is at about 830°C (Chen et al., 1991) 
and such high temperatures were never reached in the 

central Damara Orogen according to the available ther-
mometry data.

For the generation of the second group of core-co-
rona structures, a process involving the nucleation of a 
new phase and the diffusion from the surrounding rock 
volume under steady-state conditions is proposed. Ac-
cording to Fisher (1970, 1973), the minerals surround-
ing the growing nucleus will tend to disappear by reac-
tion, changing the equilibrium to one of higher variance 
and megascopic segregations consisting of cores rich 
in the newly nucleated mineral surrounded by a mantle 
composed of the residue left by growth of these cores 
are likely to form. Once started, the nucleus continues 
to draw additional material from the neighbouring zone 
for a distance of up to several millimetres.

In contrast, garnets and leucocratic segregations of 
garnet group III exhibit microfabric features and min-
eral reaction textures related to partial melting, thus 
representing the only true “in situ” anatectic phenom-
ena. The form of garnet growth in subgroup IIIa is in-
terpreted to be due to dehydration melting of biotite in 
these samples. The garnets of subgroup IIIb are also in-
terpreted as products of dehydration-melting reactions 
in which water is released from the breakdown of a hy-
drous mineral phase such as biotite, to enter the melt 
phase, leaving behind an anhydrous solid assemblage. 
These garnets may be peritectic or may have crystallised 
from the partially segregated melt. Other microscopic 
features within the leucosomes, such as the presence 
of euhedral plagioclase, euhedral alkali-feldspar with 
Karlsberg twins, and magmatic inclusion fabrics (small 
prismatic zircon crystals arranged with their long axes 
parallel to (110) planes of garnet) support this melting 
event. Similar igneous microstructures in leucosomes 
formed by in situ partial melting are reported by Vernon 
and Collins (1988).

Several studies have documented that the breakdown 
of biotite in metasedimentary rocks results in the for-
mation of S-type granitic melts and residual granulite 
facies rocks (e.g. Waters and Whales, 1984; Vernon and 
Collins, 1988). In addition, several experimental stud-
ies on fluid-absent melting reactions have been made 
with natural starting compositions to determine the 
temperature interval of this biotite melting reaction (Le 
Breton and Thompson, 1988; Vielzeuf and Holloway, 
1988; Patiño Douce and Johnston, 1991; Carrington 
and Harley, 1995). The onset of melting is dependent 
on bulk composition of the rock and is further strongly 
controlled by the concentrations of titanium and fluo-
rine in biotite (Carrington and Harley, 1995). Vielzeuf 
and Holloway (1988) showed that melting begins at 
750°C and 10 kbar with a small proportion of liquid 
(less than 10 vol. %) and increases “dramatically” at 
temperatures between 850° and 862°C. In sillimanite-
bearing metapelites, incipient melting according to the 
experiments of Le Breton and Thompson (1988) begins 
at pressure of about 6.5 kbar at 760°C following the 
reaction: 
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biotite + sillimanite + plagioclase + quartz = garnet + 
K-feldspar + melt. 	 (5)

Field evidence and microscopic features show that 
the melt produced by this fusion event did not move 
far away but, locally, the removal of melt produced 
a quartz-deficient restite. In this restite, enclosed spi-
nel and sillimanite in cordierite depend, according to 
Harley and Fitzsimons (1991), on a later partial garnet 
breakdown through the reaction:

garnet + sillimanite = cordierite + spinel.	 (6)

According to Waters (1988) a dehydration-melting 
reaction of biotite in the absence of sillimanite can 
occur at temperature of about 750°C. For metapelitic 
granulites in Namaqualand he postulated the Fe-Mg 
continuous reaction in the system K2O-Na2O-FeO-
MgO-Al2O3-SiO2-H2O: 

biotite + cordierite + quartz + plagioclase = garnet + 
K-feldspar + melt.	 (7)

In contrast to the adjacent metapelites, only traces 
of cordierite can be observed in the leucosomes. They 
are enclosed in garnet and have no direct contact with 
excess biotite and quartz. This indicates the cordierite 
consumption reaction described above. The macro-
scopically estimated amount of melt, produced by the 
two dehydration reactions of biotite does not exceed  
15 vol.% in the studied metapelites.

P-T-constraints for the Central Damara Orogen

Semipelitic to pelitic metasedimentary rocks from the 
highest grade metamorphic part of the central Damara 
Orogen underwent a number of mineral reactions that 
monitor the P-T path of this region during the Pan-Af-
rican orogenic event. The combination of thermobaro-
metric data presented in this paper and from Jung et 
al. (1998) together with microfabric features define the 
conditions of peak metamorphism and part of the ret-
rograde path of the P-T-evolution. If the amphibolite- 
to granulite-grade reaction textures and mineral reac-
tions described above result from a single metamorphic 
event, a clockwise PT path is involved. This conclusion 
is supported by geochronological data from the Out-
moed-Migmatite-Granite-Complex (OMGC) which is 
situated ca. 120 km northeast of the high-grade coastal 
area. Here PT estimates are around 730 - 710°C and 5.1 
- 5.4 kbar (Jung et al., 2000a). In the OMGC, the first 
growth of monazite in migmatitic metapelites occurred 
at 540 ± 1 Ma. Petrographical evidence like growth 
of metamorphic alkali-feldspar and cordierite with in-
clusions of sillimanite indicate that the country rocks 
were already at a high metamorphic grade at that time. 
The earliest granitic melts intruded only after 530 Ma. 
These rocks are volumetrically of minor importance. 

The peak of regional metamorphism, including limited 
in situ partial melting, has been dated at around 510 ± 
10 Ma. Subsequently, large volumes of A-type and S-
type granite intruded at about 490 and 480 Ma. These 
thermal events are also monitored by U/Pb monazite 
data and Sm/Nd garnet data (Jung et al., 2000b). The 
features document a PT path in the Damaran crust fol-
lowed in which crustal thickening is reached well be-
fore the thermal peak. Additionally, it can be inferred 
that the voluminous granitic magmatism is an outcome 
of the high thermal gradient and not the cause.

A schematic PT path for the evolution of the Central 
Damara Orogen is presented in Figure 9. The highest 
calculated temperature is about 760°C which, at the 
calculated pressure of 6.5 kbar, intersects the biotite de-
hydration reaction curve of Le Breton and Thompson 
(1988). Furthermore, thermobarometric results define a 
short isothermal decompression path at a pressure of 4.8 
kbar (garnet-cordierite-spinel) at 725°C (garnet-cordier-
ite) and 4.6 to 5.0 kbar at 650 - 700°C (garnet- cordier-
ite). Stüwe and Powell (1989) have demonstrated that 
even during a small amount of decompression, cordier-
ite reaction haloes readily form around garnet. This is 
in good agreement with the occurrence of cordierite co-
ronas and quartz-cordierite symplectites around garnets 
(Fig. 10). According to Harley (1989), the PT path may 
well start with an isothermal decompression path (ITD) 
at dP/dT of ca. 30 bar/°C but then it evolves into a near 
isobaric cooling path (IBC) at <10 bar/°C.

Further evidence for the clockwise PT evolution and 
the retrograde PT paths is the reaction postulated by 
Seifert and Schreyer (1970) (Fig. 11):

cordierite + H2O = andalusite + chlorite + quartz	 (8)
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that occurs at P <3-4 kbar on cooling through tempera-
tures of 550°C.

Conclusions

In the coastal part of the central Damara Orogen, 
three genetically distinct garnet groups occur. Groups I 
and II belong to subsolidus formation processes during 
the prograde evolution of the rocks, whereas the garnets 
of group III were products of dehydration melting of 
biotite at peak metamorphic conditions. The differences 
in microfabric features among the two groups show that 
detailed textural and petrographic work is a powerful 
tool in distinguishing different stages in the evolution 
of garnets in high-grade metapelites.

Previous studies on the PT evolution of the central 
Damara Orogen (for review see Miller 1983) have al-
ready suggested high-grade metamorphic conditions. 
However, this study and several others (Masberg et 
al., 1992, Bühn et al., 1995; Jung et al., 1998) indi-
cated substantially higher conditions of metamorphism 
similar to other high-grade granite migmatite terranes 
world-wide. These new PT estimates indicate minimum 
metamorphic temperatures of 760°C ± 50 at pressures 
of 7.0 ± 0.5 kbar. The limited amount of partial melt in 

the studied metapelites is consistent with the estimated 
temperatures because a high degree of partial melting 
requires temperatures in excess of 800°C (Clemens 
and Vielzeuf, 1987; Patiño Douce and Johnston, 1991; 
Fitzsimons, 1996).  These new temperature and pres-
sure constraints indicate, together with the dehydration 
melting of biotite in rocks of fertile composition and the 
microfabric features described by Masberg et al. (1992), 
medium-pressure lower granulite facies conditions for 
the western parts of the central Damara Orogen.
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